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ABSTRACT
We compare the infrared colors predicted by theoretical models of protostellar envelopes and
protoplanetary disks with initial observations of young stellar objects made with the Infrared
Array Camera (IRAC) on the Spitzer Space Telescope (Werner et al. 2004, Fazio et al. 2004).
Disk and envelope models characterized by infall and/or accretion rates found in previous studies
can quantitatively account for the range of IRAC colors found in four young embedded clusters:
S 140, S 171, NGC 7129, and Cep C. The IRAC color-color diagram ([3.6]− [4.5] vs. [5.8]− [8.0])
can be used to help to distinguish between young stars with only disk emission and protostars
with circumstellar envelopes.
Subject headings: young stars: general — young stars: colors — young stars: disks
1. Introduction
It has now been several decades since the
first observations of infrared excess emission from
young stars (Mendoza 1966, 1968). The excess
emission is well above that expected from red-
dened stellar photospheres and originates from
the dusty circumstellar disks and envelopes sur-
rounding young stars. For these reasons, infrared
color-color diagrams have proven to be excellent
tools for identifying and classifying young stellar
objects (YSO). In general, young stars are found
to fall in three regions in the near-IR (JHKL)
diagrams. Objects with accretion disks (Class
II) fall on the classical T Tauri (CTT) locus or
along the reddened CTT locus, and objects whose
emission is dominated by an infalling envelope
(Class I) fall redward of the reddened CTT lo-
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cus. Stars having disks with large inner holes
are found in the region corresponding to reddened
main sequence stars (Meyer, Calvet & Hillenbrand
1997). In an exhaustive study of star formation in
the Taurus molecular cloud, Kenyon & Hartmann
(1995) combined ground-based near-IR photom-
etry with IRAS fluxes to derive spectral indices
for Class I and II sources and to show that there
is a smooth progression in IR colors from disk-
dominated Class II to envelope-dominated Class
I. They, along with others (Lada et al. 2000) also
showed that the K-L color index is a more effective
measure of near-IR excess than H-K and is better
for distinguishing Class I from Class II sources.
The Infrared Array Camera (IRAC) on the
Spitzer Space Telescope has the potential to ex-
tend our understanding of disk evolution and star
formation by detecting optically obscured, deeply
embedded young stars and protostars, the emis-
sion from their disks and, at earlier stages, from
their infalling envelopes. The great advantage
of IRAC over ground-based telescopes is its sen-
sitivity in the 3-8 µm bands that contain rela-
tively little contribution from stellar photospheres
as compared to disks and envelopes. It is impor-
tant that we understand this new color space and
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how to use it to identify young stars of various
evolutionary classes. This contribution presents
a preliminary interpretation of the IRAC color-
color diagram, using predictions of existing models
for disks and envelopes, and adopting values for
parameters which are well understood from star
formation studies of nearby regions like the Tau-
rus molecular cloud. These models define clearly
separated regions in the IRAC color-color dia-
gram. IRAC observations of four young clusters
(Megeath et al. 2004) are consistent with the
model predictions.
2. Models
Models in the disk grid were calculated accord-
ing to the procedures of D’Alessio et al. (1998,
1999, 2001). In brief, the disk is assumed to be
steadily accreting at a rate M˙ onto a star of age
t, mass M , radius R, and effective temperature
Teff . The material in the disk consists of gas and
dust, with the standard mass ratio (Mdust/Mgas =
10−2), well mixed and uniformly distributed. The
dust mixture is that proposed by Pollack et al.
(1994) and has a size distribution n(a)da ∝ a−pda
between limiting sizes amin and amax. The disk
is heated by viscous dissipation and by irradia-
tion from the central object, and viscosity is cal-
culated with the α prescription (Shakura & Sun-
yaev 1974). Models are truncated at the dust de-
struction radius Rrim, where the disk is frontally
illuminated by the central object, because gas in-
side Rrim is optically thin (D’Alessio et al. 2004).
The truncation radius is set by the sum of the
stellar and accretion luminosity (Muzerolle et al.
2003), and the dust destruction temperature is
set at 1400K, the sublimation temperature of sili-
cates at characteristic densities of the inner disk.
The wall at Rrim, which has a fixed height of
four scale heights, emits as a black body at this
temperature (Natta et al. 2001; Muzerolle et al.
2003; D’Alessio et al. 2003). The equations of
disk structure are solved including these heating
sources to yield the detailed radial-vertical struc-
ture. The emerging spectral energy distribution
(SED) is calculated by ray-by-ray integration of
the transfer equation for each line of sight. Using
these procedures, we have constructed an exten-
sive grid of disk models which cover the follow-
ing range of parameter space: Teff = 4000K -
10000K for 1 and 10 Myr old stars, log M˙ = −9
to −6 (M⊙ yr
−1), disk radii Rd = 100 and 300
AU, p = 2.5, 3.5, amax = 1 − 10
5µm, and incli-
nations 30◦ and 60◦, with fixed amin = 0.005µm
and α = 0.01. Details of the grid will be published
elsewhere (D’Alessio et al. 2004). Here we present
only those models for Teff = 4000K, t = 1 Myr.
Models in the Class I grid were calculated fol-
lowing the procedures of Kenyon, Calvet, & Hart-
mann (1993, KCH93) and Calvet et al. (1994).
The slowly rotating infalling envelope structure of
Terebey, Shu, & Cassen (1984) has been adopted;
in this model, the envelope is nearly spherically
symmetric at radii much larger than the centrifu-
gal radius Rc and departs from spherical sym-
metry at radii < Rc, where material falls onto
the disk. The heating of the matter in the en-
velope with density distribution ρ(r, θ) is set by
the luminosity of the central object L. The tem-
perature is calculated from the radiative equi-
librium condition using the angle-averaged den-
sity, and the inclination dependent flux is cal-
culated from ray-by-ray integration of the trans-
fer equation using the angle-dependent density.
The scattering component of the source func-
tion in the flux calculation has been taken as
the sum of the direct and the diffuse mean in-
tensity, following Calvet et al. (1994). Class
I models were calculated for L = 0.1, 1, 10 and
100L⊙, log ρ1 = −14,−13.5,−13.35,−13,−12.75
and −12.5 ( g cm−3), where ρ1 is the density at
1 AU of the equivalent spherically symmetric en-
velope (see KCH93), and Rc = 50 and 300 AU.
Model colors shown have been calculated for an
inclination of 60◦.
Model colors were calculated by convolving the
model spectral energy distribution with the IRAC
filter response functions and by using the Vega
fluxes in the IRAC bands as photometric zero
points. The resulting magnitudes are thus refer-
enced to the Vega system (as are the measured
magnitudes of the embedded cluster sample). Fig-
ure 1 shows IRAC colors from grids of disk (Class
II) and infalling envelope (Class I) models. The
models cover the range of parameters typical of
young stellar objects.
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3. Discussion
3.1. Disk models
The novel element introduced in the disk mod-
els presented here is the emission of the disk wall
at the dust sublimation radius. A sharp transition
in the disk where dust sublimates, illuminated di-
rectly by the star, was presented as the explana-
tion for the near infrared SEDs of Herbig Ae/Be
stars by Natta et al. (1999). Muzerolle et al.
(2003) found similar excesses in Classical T Tauri
stars and realized that for these low luminosity ob-
jects, the accretion luminosity Lacc emitted by the
accretion shock on the stellar surface must be in-
cluded when finding the dust sublimation radius.
Figure 2 shows the SEDs for a representative
model. The wall contribution plays a substan-
tial role in the IRAC wavelength range and re-
sults in a relatively compact region in the [5.8]−
[8.0] vs. [3.6]− [4.5] color plane, as shown by the
triangles in Figure 1.
The spread in the [3.6] − [4.5] color is domi-
nated by accretion rate; sources with higher M˙
are redder in [3.6] − [4.5]. This behavior is due
to an increase of both the disk emission and the
wall emission as M˙ increases. As the accretion
rate rises, there is an increase in viscous dissipa-
tion resulting in higher disk fluxes. In addition,
the increase in Lacc results in more energy irradi-
ating the wall; as a result, the dust sublimation
radius moves outward, and the wall emitting area
increases (Muzerolle et al. 2003). Although not
shown here for economy of space, we note that
the wall emission becomes increasingly dominant
as the stellar luminosity increases, and so does the
wall emitting area. In fact, for stellar properties
corresponding to Herbig Ae/Be stars, for which
L∗ > Lacc, the predicted [3.6] − [4.5] color is ap-
proximately constant, ∼ 0.4, equal to that of the
black body at T = 1400K, the assumed dust de-
struction temperature.
Disk emission is more conspicuous in the [5.8]−
[8.0] color, as shown in Figure 2, and therefore disk
properties such as grain size and M˙ play a larger
role in determining the spread. For instance, the
disk contribution decreases as amax increases be-
cause the disk becomes less flared (D’Alessio et al.
2001). As a result, the [5.8]− [8.0] colors becomes
bluer. Another source of spread is inclination. The
two inclinations plotted in Figure 1 (30◦ and 60◦)
form discernible loci, with the higher inclination
sources redward of the lower ones. Although a
Class II source with an extremely high inclination
(i.e. edge-on) may lie blueward of this region (re-
flecting the scattered stellar component), most of
the inclination-dependent behavior of the models
is encompassed in the region plotted.
3.2. Envelope models
Envelope models (plotted as circles in Figure
1) span a larger space in both colors compared
to disk models. To understand the color behav-
ior in a schematic way consider Figure 3, which
shows model SEDs. An increase in density in
the envelope results in a shift of the τ ∼ 1 sur-
face further out in the envelope (cf. Appendix in
KCH93; Hartmann 1998). As a result, the over-
all SED shifts toward longer wavelengths, and the
[3.6]− [4.5] colors become rapidly redder with in-
creasing density. In addition, as the amount of
material in the envelope increases, absorption in-
creases, and the silicate feature at ∼ 10 µm be-
comes deeper. The [5.8]− [8.0] color becomes first
bluer, as the flux in [8.0], contaminated by the
silicate feature, decreases faster than the flux in
the [5.8] band. As density continues to increase,
this situation reverses, and the [5.8] − [8.0] color
becomes redder.
As shown in the bottom panel of Figure 3, an
increase in Rc, which implies clearing of the inner
envelope, is equivalent in the near- to mid-infrared
to a decrease in density. As a result, the [3.6]−[4.5]
color becomes bluer, and so does the [5.8] − [8.0]
color for high values of ρ1. However, for low ρ1,
the silicate feature turns into emission, making the
[5.8]− [8.0] color redder (Figure 1).
The color behavior as a function of ρ1 and
Rc does not depend strongly on source luminos-
ity. However, as shown in Figure 2 of KCH93,
the strength of the silicate absorption feature de-
creases as luminosity increases. At high values
of ρ1, the [5.8] − [8.0] colors are less affected by
the silicate absorption and do not get as blue as
L increases. At low densities, the extinguished
spectrum of the central object begins to contribute
along with envelope emission in the IRAC bands,
which tends to make the color bluer; a compet-
ing effect is the increase in strength of the silicate
emission, which makes [5.8] − [8.0] redder. For
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L = 0.1L⊙, the second effect is negligible so colors
are very blue (Figure 1).
Other effects not included in this preliminary
modeling effort, such as degree of flattening of the
envelope or the presence of outflow cavities, may
change the colors as well, especially at low densi-
ties. For example, Whitney et al. (2003) predicted
IRAC colors for a range of protostellar (Class 0,I)
and T Tauri objects (Class II). Their calculations
for Class II objects span a much smaller range in
the color-color diagram because they considered a
much smaller range of parameter space than we
have here, and they did not include the effects of
a hot inner disk wall. The objects Whitney et al.
label as Class I have predicted colors that are con-
siderably bluer than we infer here and the region
populated by Class 0 sources in the Whitney et
al. calculations overlaps with the region of Tau-
rus Class I sources (Hartmann et al. 2004). The
discrepancy appears to be the result of the partic-
ular outflow cavities adopted by Whitney et al. ,
which greatly reduce the amount of dust close to
the central source and thus strongly reduce the ex-
tinction and dust thermal emission in the 3-8 µm
region (see Osorio et al. 2003 for a related discus-
sion).
3.3. Comparison with observed colors
Figure 4 shows measured IRAC colors of four
young clusters (Megeath et al. 2004; Gutermuth
et al. 2004) and for comparison the loci of the
models presented in Figure 1. The data seem to
cluster into three main regions: a clump around
0,0 that contains mostly background/foreground
stars and Class III sources with no intrinsic in-
frared excess, a clump that occupies the Class II
region (within the large blue box), and a group
that runs along the Class I locus with L ≥ 1L⊙.
Sources which lie between the [5.8] − [8.0] colors
of stellar photospheres and Class III stars (∼ 0)
and Class II sources (≥ 0.4) can be understood
if the height of the wall at Rrim was less than as-
sumed here, due to the effects of dust grain growth
and settling. In addition, there are a few sources
which do not lie inside the Class II locus but do
lie along the extinction vector and could therefore
be reddened Class IIs. The most extreme of these,
near [5.8]− [8.0] = 0, [3.6]− [4.5] = 1.5, are coinci-
dent with filaments of high opacity (dark even at 8
µm), consistent with the large Av implied by this
scenario. Alternatively they could be extremely
low-luminosity Class I sources.
The common definition of Class I and II sources
is that they have positive or negative spectral in-
dices, respectively, in λFλ; thus the approximate
boundary between Class I and II should lie approx-
imately at [3.6]− [4.5] ∼ 0.7 and [5.8]− [8.0] ∼ 1.
The model predictions presented here are in agree-
ment with this boundary. As discussed, features in
the SED, notably the silicate feature at ∼ 10 µm,
have a large effect on the [5.8]−[8.0] color, produc-
ing some exceptions to this rule. In addition, the
[3.6]− [4.5] colors of low density envelopes are very
sensitive to the nature of the central objects con-
tained within. For example, low density envelopes
around stars with disks would have [3.6] − [4.5]
colors near the Class II locus.
4. Summary
The IRAC color-color diagram ([5.8]−[8.0] vs. [3.6]−
[4.5]) is a useful tool for identifying young stars
having infrared excess emission. While there
is some overlap between low density, low lumi-
nosity Class I sources and Class II sources, the
classes are otherwise well segregated. The distri-
bution of measured IRAC colors of sources in four
young clusters is consistent with the distribution
of model colors. Confirmation of this color-color
diagram as a powerful diagnostic tool awaits a
more detailed comparison to the observed colors
of well characterized individual sources.
This work is based on observations made with
the Spitzer Space Telescope, which is operated by
the Jet Propulsion Laboratory, California Insti-
tute of Technology under NASA contract 1407.
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Fig. 1.— IRAC colors for disk models (triangles) and envelope models (circles). Disk models assume
Teff = 4000K, t = 1Myr. Disk accretion rates are color coded: dark blue, light blue, green and red
represent log M˙ = −9,−8,−7,−6 (M⊙ yr
−1), respectively. Models are plotted for two values of p (2.5, 3.5)
and six values of amax (1µm, 10µm, 100µm, 1mm, 1cm and 10cm). The two inclinations (30
◦ and 60◦)
form discernible loci centered at [5.8] − [8.0] = 0.6 and 0.9. Envelope models are shown for a range of
central source luminosities, color coded as magenta, green, blue, red = 0.1, 1, 10 and 100 L⊙, respectively.
Envelope densities are shown for log ρ1 = −14,−13.5,−13.35,−13,−12.75, and −12.5 ( g cm
−3), increasing
from bottom to top. Models are plotted for two values of Rc; 50 AU (solid line), and 300 AU (dashed
line), and one inclination (60◦). For comparison, blackbody colors (T=300K, 500K, 1200K) are plotted (as
x’s). Two blackbodies with extinctions of Av = 0, 5, 10, 15, 20mag are shown; open circles correspond to a
blackbody of T=10,000K, filled circles to T=4,000K.
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Fig. 2.— Representative SEDs for a disk model with inclination = 60◦, M˙ = 10−8M⊙ yr
−1 and two values
of amax, 0.1µm (upper) and 1mm (lower). The solid lines show the total emission (star + disk + wall), the
dashed lines show the emission from the star+disk, and the dotted line shows the emission from the wall,
modeled as a 1400 K blackbody. Spectral response curves for the IRAC bands (normalized to an arbitrary
value) are shown at bottom, and the band effective wavelengths are indicated (vertical lines). The wall
contributes significantly to the total emission, especially in the IRAC bands.
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Fig. 3.— Representative SEDs for envelope models with L = 1L⊙ and Rc = 50 AU (upper panel) and
Rc = 300 AU (lower panel), and for densities log ρ1 = −14,−13.5,−13, and −12.5 ( g cm
−3), increasing
from top to bottom. As in the previous figure, IRAC bandpasses are indicated.
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Fig. 4.— Model colors from Figure 1, and measured IRAC colors for S 140 (squares), Cep C (x’s), S 171
(circles) and NGC 7129 (triangles) from the IRAC GTO embedded clusters survey (Megeath et al. 2004).
Representative error bars, including average photometric uncertainties and an estimated 10% uncertainty in
the absolute flux calibration, are shown. The light blue square delineates the approximate domain of Class
II sources, and the colored lines show the Class I models as in Figure 1. The red asterisk marks the IRAC
colors of TW Hya (Hartmann et al. 2004), a 10 Myr old star with a disk (Muzerolle et al. 2000). Extinction
vectors are shown for Av = 30mag, using the two extremes of the six vectors calculated by Megeath et al
(2004). The vector on the left is for a flat spectrum source and Draine & Lee (1984) extinction law, while
the vector to the right is for a Vega spectrum and the extinction law of Mathis (1990).
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